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The inability of physiologists to eﬀect change in ﬁsheries management has been the source of frustration for many dec-
ades. Close collaboration between ﬁsheries managers and researchers has aﬀorded our interdisciplinary team an unusual
opportunity to evaluate the emerging impact that physiology can have in providing relevant and credible scientiﬁc advice
to assist in management decisions. We categorize the quality of scientiﬁc advice given to management into ﬁve levels
based on the type of scientiﬁc activity and resulting advice (notions, observations, descriptions, predictions and prescrip-
tions). We argue that, ideally, both managers and researchers have concomitant but separate responsibilities for increasing
the level of scientiﬁc advice provided. The responsibility of managers involves clear communication of management objec-
tives to researchers, including exact descriptions of knowledge needs and researchable problems. The role of the
researcher is to provide scientiﬁc advice based on the current state of scientiﬁc information and the level of integration
with management. The examples of scientiﬁc advice discussed herein relate to physiological research on the impact of
high discharge and water temperature, pathogens, sex and ﬁsheries interactions on in-river migration success of adult
Fraser River sockeye salmon (Oncorhynchus nerka) and the increased understanding and quality of scientiﬁc advice that
emerges. We submit that success in increasing the quality of scientiﬁc advice is a function of political motivation linked to
funding, legal clarity in management objectives, collaborative structures in government and academia, personal relation-
ships, access to interdisciplinary experts and scientiﬁc peer acceptance. The major challenges with advancing scientiﬁc
advice include uncertainty in results, lack of integration with management needs and institutional caution in adopting new
research. We hope that conservation physiologists can learn from our experiences of providing scientiﬁc advice to manage-
ment to increase the potential for this growing ﬁeld of research to have a positive inﬂuence on resource management.
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Introduction
The recent expansion of knowledge in the ﬁeld of conserva-
tion physiology (see Wikelski and Cooke, 2006; Cooke
et al., 2013; Lennox and Cooke, 2014) has led to a growing
recognition by researchers and managers alike of the poten-
tial beneﬁt that physiological studies can have in addressing
some of the key challenges in aquatic conservation (Young
et al., 2006; Horodysky et al., 2015). The major advantage
of applying physiological principles to management pro-
blems is the more complete mechanistic understanding (i.e.
cause and effect) that traditionally comes from physiology
(Cooke and O’Connor, 2010; Horodysky et al., 2015).
Therefore, a defensible physiological explanation can be
desired by managers to help inform decisions that have pre-
viously been based on simple correlative associations of dif-
ferent stressors and ﬁsh survival derived mainly from
ecological studies (e.g. Macdonald et al., 2010). The chal-
lenge for researchers is the paucity of information on how
best to transfer physiological research at the individual level
to scientiﬁcally defensible predictions of population-level
consequences for aquatic organisms that are desired by man-
agers (Coristine et al., 2014).
Much has been written about how different scientiﬁc dis-
ciplines create knowledge (Knorr Cetina, 1999; Becher and
Trowler, 2001). In the life sciences, this process usually
begins with a simple idea that, if deemed sufﬁciently interest-
ing and promising, is reﬁned using basic observations and
preliminary research, further developed by testable hypoth-
eses and in-depth descriptions through to quantiﬁable predic-
tions, and ﬁnally, worked into general principles that allow
us to make conﬁdent assertions about nature. At each step,
the idea may be abandoned or changed, and very few scien-
tiﬁc ideas evolve into general principles widely accepted by
peers (Latour, 1987).
Less familiar to researchers is the parallel, stepwise pro-
gression that ﬁsheries managers commonly use ‘to learn’
about their environment in order to make informed decisions
and develop policies (Fig. 1). For managers, the corollary
process involves noting anomalies, documenting repeated
patterns, articulating the management problem and survey-
ing for solutions, deﬁning the management objectives and
constraints in relationship to the problem, communicating
the potential mitigation measures with interested parties and
developing general policy statements to cover future related
issues. Managers often use different heuristics to ﬁnd solu-
tions, such as experiential learning and, as such, they do not
explicitly need to engage in the scientiﬁc process to assist
them (Fig. 1; Pullin et al., 2004). In order to begin to under-
stand the knowledge-transfer challenges faced by researchers,
it is important to note that these different learning methods
used by managers and researchers can be completely inde-
pendent, parallel processes that are designed to serve the
needs of their respective vocations (Young et al., 2013).
Researchers and managers are embedded in very different
institutional environments, with different mandates, pres-
sures and reward systems. Social science research has shown
that scientists are most inﬂuenced by their community of
peers. Career rewards in the form of research funding, pro-
motions, reputation and inﬂuence are based on the system of
peer review; a system that encourages scientists to speak pre-
dominantly amongst themselves and to communicate in
ways that are most useful to peers rather than potential out-
side users of their knowledge and ﬁndings. Managers, on the
Figure 1: The learning methods used by managers and researchers
that demonstrate the diﬀerent and independent parallel activities
designed to serve the information needs of their respective vocations.
For management, the information is used for decision-making
purposes and can lead to broad policy statements. For scientists, the
information is used to increase scientiﬁc understanding that can
potentially lead to general principles about the natural world. This is
not meant to imply that managers do not use scientiﬁc learning
methods as well.
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contrary, are judged on their successful handling of real-
world problems that involve a wide range of other actors,
including politicians, bureaucrats, conservation groups, indi-
genous groups holding special rights and other users of the
resources. In this complex institutional environment, man-
agers draw on multiple forms of social and ecological knowl-
edge, including personal and collective experience,
professional judgement, intuition and direct observation, as
well as scientiﬁc models and data (Pullin et al., 2004; Fazey
et al., 2006). We therefore cannot assume that new science
will ‘trickle down’ to management decision-making simply
because of its quality or (presumed) relevance. Instead, we
argue that better communication and coordination between
researchers and managers can be achieved by integrating the
stepwise pathways for increased understanding that we illus-
trate in Fig. 1.
Scientiﬁc advice can be given to aid in the development of
management policy or, more commonly, it can be given to
aid in speciﬁc management decisions. The latter is the focus
of this review. We have limited our discussion of scientiﬁc
advice to the provision of scientiﬁcally defensible, transpar-
ent and reproducible information that can help to inform
speciﬁc management decisions. Based on our experiences of
providing scientiﬁc advice to aid in decision-making for man-
agement, we propose an idealized model of generating scien-
tiﬁc advice using ﬁve levels that parallel the stages of
learning activities and knowledge acquisition for manage-
ment and science illustrated in Fig. 1. Each scientiﬁc advice
level represents an increase in the veracity of the scientiﬁc
advice. This continuum starts with Level 1 advice that pro-
vides simple educated thoughts about how the world might
work and proceeds through to Level 5 advice that generates
prescriptions using quantiﬁable predictions of outcomes that
can be directly used in management decisions. We have
modiﬁed Fig. 1, which illustrates how both groups seek to
acquire information, reducing uncertainty and gaining
insight, to reﬂect a more co-dependent activity relationship
that can generate quality scientiﬁc advice (Fig. 2). Figure 2
presents the different levels of scientiﬁc advice that can result
once a management problem can be posed accurately as a
scientiﬁc question. The ability of science to respond at a
Figure 2: The idealized integration of management and scientiﬁc activities for the provision of diﬀerent levels of scientiﬁc advice to aid
decision-making. The dashed lines represent the communication between managers and researchers that is necessary to promote the
advancement in the level of scientiﬁc advice provided (see ‘Communication’ section). The diagram is presented from the researcher’s
perspective of trying to advise managers. The level of scientiﬁc advice is a function of both the state of scientiﬁc knowledge determined by the
scientiﬁc learning activity (denoted in italics) and the speciﬁc integration activity with management (denoted in bold). For example,
prescriptions (i.e. Level 5 scientiﬁc advice) result from a combination of high-quality science (i.e. predictions) and joint communication activities
with managers and aﬀected user groups.
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given scientiﬁc advice level will depend on the state of
knowledge and connectivity to management. The level of sci-
entiﬁc advice is deﬁned from the scientiﬁc perspective of
increasing scientiﬁc defensibility (transparency, repeatability,
strength of evidence in quantity and consistency) and redu-
cing uncertainty (predictive power), as well as increasing the
potential utility within management (level of integration with
management problems, objectives and constraints). The com-
munication pathways and management activities that facilitate
connectivity are illustrated to emphasize that advancement
beyond Level 3 scientiﬁc advice requires a more co-dependent
relationship (Fig. 2).
There are an increasing number of examples of conserva-
tion physiology being used in the development of scientiﬁc
advice for resource management (e.g. Cooke et al., 2012;
Madliger et al., 2015), but there are very few details on the
process and difﬁculties associated with integrating physio-
logical results with scientiﬁc advice and management needs.
In response, we provide our perspective of the overall inte-
gration process by providing detailed examples of successful
and unsuccessful attempts at applying conservation physi-
ology to ﬁsheries management problems from our work.
More speciﬁcally, we have drawn examples from our bio-
logical research to communicate the emerging role that
physiology is having in raising the level of scientiﬁc advice
being given to aid the management of Fraser River sockeye
salmon (Oncorhynchus nerka) ﬁsheries. This iconic salmon
species is arguably the most culturally important and well-
studied Paciﬁc salmon in Canada (reviewed by Hinch et al.,
2012; Johnson et al., 2012). The remarkable anadromous
migrations of semelparous adult sockeye salmon have long
fascinated physiologists independent of an explicit manage-
ment problem, with early research being focused on energet-
ics (Idler and Clemens, 1959; Brett, 1965), homing ability
(Fagerlund et al., 1963) and senescence (McBride et al.,
1963; Fagerlund, 1967; Donaldson and Fagerlund, 1970).
More recently, the uncertainty surrounding the causes of
declines in Fraser River sockeye salmon abundance caught
national political attention, resulting in a major $30+ million
federal judicial review called by the Prime Minister of
Canada (Cohen, 2012). This latest judicial review is part of
the long history of political interest in the migration pro-
blems of Fraser River sockeye salmon, starting with the Hells
Gate slide (e.g. Ricker, 1947; Larkin, 1992; Fraser, 1995;
Williams, 2005). It is against this interesting scientiﬁc and
long-standing political background that our group focused
our physiological research on major factors that can impact
the upstream migration success of adult sockeye salmon
returning to spawn in the Fraser River, with an aim to pro-
vide scientiﬁc advice relevant to the conservation of this
important population.
In the ﬁrst part of this paper, we conduct an historic
review of the biological research on the impacts of adverse
environmental conditions (high discharge and high water
temperature) on in-river mortality of Fraser River sockeye
salmon. The aim is to characterize the ﬁve levels of scientiﬁc
advice and to showcase the recent emergence of physiology
in connection with the quality of scientiﬁc advice. This recap
identiﬁes the conditions in the management and science
realms that we associate with success in providing scientiﬁc
advice at higher levels.
In the second part of this paper, we discuss the current
scientiﬁc advice given to management based on the physio-
logical research into the role of pathogens, sex and ﬁsheries
interactions in understanding in-river mortality. The purpose
of the second section is to showcase both the breadth of suc-
cess in using conservation physiology and the current chal-
lenges for advancing the utility of this information for
management. Our goal is to provide other conservation phy-
siologists with an understanding of the steps that are likely
to be involved in gaining management uptake of their
research, based on our successes and challenges using the
rich history of biological and physiological research con-
ducted on Fraser River sockeye salmon. We recognize that
local geopolitical, sociocultural and institutional norms will
inﬂuence the extent to which the speciﬁcs described here
apply, but we submit that the lessons learned and general
approach described herein should be of broad relevance to
those working in different jurisdictions on different species
and issues.
Part I: levels of scientiﬁc advice
for in-river mortality
This section focuses on the historical progression of scientiﬁc
advice related to water temperature and discharge that has
been provided to management in response to high in-river
mortalities of Fraser River sockeye salmon. For each level of
scientiﬁc advice, we describe the type of scientiﬁc activity
that has occurred and the resulting scientiﬁc advice that has
been provided to managers through time. We also discuss
the scientiﬁc and management activities that facilitate a higher
level of scientiﬁc advice. These examples help to characterize
our idealized model of scientiﬁc advice (Fig. 2).
The earliest written records of run failure associated with
Fraser River sockeye salmon date back to catch records from
the Hudson Bay Company in the 1800s (Cooper and Henry,
1962). Although managers took note of such anomalies,
they did not make any connection to speciﬁc environmental
conditions, such as high discharge or water temperatures.
The ﬁrst series of notable run failures associated with envir-
onmental conditions for Fraser River sockeye salmon
occurred in the early 1900s, with a series of major rockslides
resulting from railroad construction in the Fraser Canyon at
Hells Gate. This culminated in effectively delaying and, in
some cases, completely blocking upstream migration for
large numbers of migrating sockeye salmon (Thompson,
1945). The collapse of the record 1913 cohort of sockeye sal-
mon 4 years later (catch declined from 32 million in 1913
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to 7 million in 1917) was further conﬁrmation of a major
problem for management to consider (Roos, 1991). Since
then, it has been recognized that a variable portion of Fraser
River sockeye salmon that are estimated to enter the lower
Fraser River are not accounted for at the spawning grounds
after adjusting for estimates of in-river harvest. The source
of this discrepancy is a combination of assessment errors in
estimates of catch, and lower and upper-river estimates of
abundance, as well as natural in-river mortality (Patterson
et al., 2007b).
Estimates of these discrepancies over the past 20 years
have a cumulative total net loss of 18 million ﬁsh. In com-
parison, 80 million ﬁsh were harvested and 70 million
escaped to spawn during the same time period (Paciﬁc
Salmon Commission, unpublished data). These in-river losses
represent substantial foregone opportunities for First Nation
communities to access salmon for food, social and cere-
monial purposes, limitations for angler participation, mil-
lions of dollars in lost revenue to the salmon ﬁshing industry,
reductions in spawners for other ecosystem values, and loss
of future recruitment. Therefore, in-river mortality associated
with adverse migration conditions provides a clear problem,
for which researchers can provide scientiﬁc advice on likely
factors and mechanisms contributing to mortality and, thus,
speak to the efﬁcacy of potential mitigation measures. We
will describe some of the research and information given at
different levels of scientiﬁc advice over the years in relation-
ship to in-river mortality.
Level 1: notions
The ﬁrst level of scientiﬁc advice, and lowest level of ver-
acity, in response to a management problem involves the
simple generation of ideas based on the researcher’s current
knowledge base. This brainstorming is done without any dir-
ect empirical testing, before providing their best ‘notions’ to
management, and is therefore subject to the potential cogni-
tive frailties associated with any expert opinions (Sutherland
and Burgman, 2015). We are not privy to the preliminary
ideas that researchers shared (if any) with managers regard-
ing the impact of environmental conditions on in-river mor-
tality of Fraser River sockeye salmon in response to the ﬁrst
records of run failures in the 1800s. We speculate that any
notions, if shared with management, had minimal impact on
decisions, given that they are not recorded in any historic
management documents.
Level 2: observations
The next level of scientiﬁc advice requires researchers to for-
mulate a testable hypothesis regarding their ideas and start
fundamental (also known as basic or discovery) research.
The scientiﬁc advice at Level 2 is based on the scientiﬁc
‘observations’ derived from this basic research. In our
example, observations of delays and downstream mortalities
in the Fraser Canyon were meticulously recorded by ﬁeld
experts during the major rock slides from 1911 to 1914
(Thompson, 1945). It was theorized that the extreme
hydraulic challenges created by the rock slides exceeded the
swimming ability of most of the upstream-migrating sockeye
salmon (Talbot and Jackson, 1950). This led ﬁsheries biolo-
gists who worked for the management agencies responsible
for the ﬁsheries to test ideas regarding swimming perform-
ance and to assess passage ability directly using large-scale
tagging projects (Thompson, 1945; Talbot and Jackson,
1950). Interestingly, not all ﬁsheries scientists were in agree-
ment with respect to the central role that migration barriers
at Hells Gate had in limiting the productivity of stocks
upstream of the barrier. Ricker (1947) had serious reserva-
tions about the quality of the tagging studies to the extent
that he questioned the primacy of hydraulic barriers over ﬁsh-
ery exploitation rates as being the primary cause for depressed
sockeye salmon stocks. However, based on Thompson’s
(1945) interpretation of this preliminary research, manage-
ment expeditiously responded by constructing ﬁsh passage
facilities at Hells Gate in the late 1940s. The magnitude of the
response by management to Level 2 scientiﬁc advice shows
that even preliminary or contested research can have a high
degree of impact on management decisions, but instances
such as this are rare and usually applied at a small scale or
a single site so that management can assess its effectiveness
before widespread application (Gross, 2010).
Prior to the 1960s, there is almost no explicit mention
of thermal impacts in relationship to adverse migration
conditions for sockeye salmon (Foerster, 1968) even though
physiologists had long since recognized temperature as a prin-
cipal factor in controlling biological processes and ultimate
survival in ﬁsh (Fry, 1947). In Foerster’s (1968) comprehen-
sive review of sockeye salmon research and management, he
mentions only 2 years with reports of in-river mortality, 1942
and 1958. Only the former event was linked explicitly to high
temperatures, despite the fact that the latter was one of the
warmest years on record for the Fraser River (Patterson et al.,
2007a). The 1958 in-river loss estimate was 7.9% of the total
run, considered above average at the time and enough for
management to report in the annual summaries (IPFSC, 1959),
but insufﬁcient to warrant a management response. At this
point, any scientiﬁc advice associated with thermal physi-
ology would probably have triggered the curiosity of man-
agement. However, without an obvious link to a speciﬁc
management problem (see proposed connectivity in Fig. 2),
such as repeated observations of high mortality events with
high water temperature, and with an absence of direct
physiological research on adult sockeye salmon thermal tol-
erance, it probably would have had a minimal impact.
Level 3: descriptions
The third level of scientiﬁc advice is founded on the research
results from more scientiﬁcally rigorous studies. This requires
the researcher to work on generating biologically based
descriptive models related to understanding the problem as
identiﬁed by management and to present these model
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outputs (i.e. ‘descriptions’) to managers as scientiﬁc advice.
In the case of the impacts of environmental conditions on
in-river migration mortality, the continued challenge for
researchers was to seek robust, scientiﬁc explanations for
these in-river losses. In the 1960s, it became clear that high
water temperatures, in addition to high discharge, during in-
river migration were linked to natural mortality. It was the
researchers within the agencies responsible for managing the
ﬁsheries who started a lot of the work on water temperature
impacts on sockeye salmon physiology, examining the con-
nections to disease (Colgrove and Wood, 1966; Williams,
1973), swimming ability (Brett, 1965) and upper thermal
limits (Servizi and Jensen, 1977). This latter and oft-cited
work on thermal tolerance was in direct response to a man-
agement request to determine the thermal impact of a major
water diversion project in the Fraser River watershed.
Unfortunately, the ﬁndings from this work probably set back
further research on thermal physiology for several decades
because of misinterpretation of the scientiﬁc results on the
ecological relevance of upper lethal thermal limits. Further
work on the impacts of high discharge conditions continued
to stay ahead of temperature impacts.
The involvement of our group with the research on Fraser
River sockeye salmon migration problems in the 1990s was
initially focused on high discharge and not thermal physi-
ology. The aim was to describe swimming performance
(Hinch et al., 1996), variation in swimming behaviour
(Hinch and Rand, 1998) and, ultimately, migration survival
(Rand and Hinch, 1998; Hinch and Bratty, 2000) associated
with the hydrological challenges of the Fraser River. This
work provided physiological evidence to explain why certain
sections of the Fraser River were more challenging for ﬁsh to
ascend than others, moving beyond unreliable observations
of carcasses (Patterson et al., 2007b) and weak correlations
of discharge with in-river loss estimates (Macdonald, 2000)
to gain a better mechanistic understanding of in-river mor-
tality. These physiological descriptions of the impact of
high discharge on sockeye salmon were provided to man-
agement and inﬂuenced some of the early harvest decisions
regarding adverse migration conditions (Macdonald, 2000;
Macdonald et al., 2000). Moreover, the modelling of energy
expenditures in relationship to encounter velocities led to
more physiological research on the role of water tempera-
ture in salmon migration metabolism, an essential compo-
nent of bioenergetics modelling for poikilotherms (Rand
et al., 2006).
Today, the direct and indirect physiological impacts of
high water temperature comprise a large portion of the
Level 3 scientiﬁc advice given to managers regarding the fac-
tors that impact in-river survival of Fraser River sockeye sal-
mon. This research on thermal physiology has developed from
historic pattern recognition of increasing high mortality events
associated with high migration temperatures (Gilhousen,
1990) to a focus on elucidating physiological mechanisms that
will reduce the uncertainty associated with understanding
thermal-based mortality in wild salmon. Our group has been
studying the myriad of ways that water temperature is impact-
ing survival by measuring a variety of physiological responses,
including swimming ability and behaviour (MacNutt et al.,
2006), cardiorespiratory performance (Farrell et al., 2008;
Eliason et al., 2011, 2013), disease progression (Wagner et al.,
2005; Crossin et al., 2008; Mathes et al., 2010), genomic and
cellular responses (Jeffries et al., 2012a, b) and metabolism
(Clark et al., 2010). The overall scientiﬁc advice from this
descriptive work is consistent; high water temperature and
high discharge have a negative impact on many aspects of sal-
mon physiology and, ultimately, the survival of sockeye sal-
mon (reviewed by Cooke et al., 2012; Hinch et al., 2012).
Managers are now well informed regarding the physiological
impacts of high temperature and high discharge and can con-
sider this information to account for in-river losses. In add-
ition, the stage is set to move these descriptive research results
to Level 4 scientiﬁc advice by aligning management objectives
with predictive models that relate environmental conditions to
in-river mortality.
Level 4: predictions
The fourth level of scientiﬁc advice presents predictions of
different outcomes to aid management in decision-making.
This means moving from descriptive models focused on an
improved biological understanding to predictive models,
complete with an estimate of uncertainty (Harwood and
Stokes, 2003; Ascough et al., 2008). Ideally, this is a combin-
ation of more strategic research and different analytical
approaches on the part of the researcher, and more precise
feedback from managers regarding their objectives and con-
straints. Management feedback is required to provide a more
thorough description of the ﬁshery, including the following:
the legal framework, i.e. deﬁning the management actions
the agency have regulatory control over (e.g. the spatial loca-
tion of ﬁsheries); the goals, i.e. articulating the objectives of
the ﬁshery (e.g. the alternative goals of maximizing total har-
vest vs. ﬁshing opportunity); and the operational constraints,
i.e. communicating the practical limitations of executing a
ﬁshery (e.g. the lead time required to open or close a ﬁshery).
Management needs to determine how the results generated
from a quantitative model that can predict particular out-
comes could be used under the existing operational and regu-
latory constraints.
For Fraser River sockeye salmon, a major reason why the
physiological research on the impacts of adverse migration
conditions is currently used to support harvest management
decision lies in the clarity of how the information ﬁts into
the overall management process. There is a clear legal man-
date laid out in the 1999 Paciﬁc Salmon Treaty (bilateral
agreement between Canada and USA), in Article VI,
Annex IV, Chapter 4 (10), to prevent overﬁshing by both
countries. The treaty states that spawning escapement goals
are a clear management objective of the agreement, and there
is a clear mechanism to incorporate scientiﬁc advice into the
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process, as stated in Article VI, Annex IV, Chapter 4 (13b):
‘incorporate … management adjustments [harvest changes]
that deal with environmental conditions [discharge, tempera-
ture] during in-river migration that could signiﬁcantly impact
the Fraser River Panel’s ability to achieve spawning escape-
ment objectives’ (Paciﬁc Salmon Treaty, 1999). This legal
background has helped to inform how the research is con-
ducted and the types of questions asked in the development
of both descriptive and predictive models.
The descriptive models used in generating Level 3 scien-
tiﬁc advice are about understanding biological relationships
between adverse migration conditions and in-river mortality.
The model selection criteria typically rely on biological real-
ism (i.e. physiological support), model ﬁt and model sensitiv-
ity. The main target audience for descriptive models is other
researchers (i.e. for primary publication), whereas the pre-
dictive models, such as those described herein, are built for
applied management purposes. As such, the developers of
predictive models that forecast events for managers have to
consider some key additional features in model selection,
including model predictive power (e.g. bias and precision),
forecasting constraints for predictor variables (e.g. water
temperature and discharge forecasting) and management
constraints (e.g. lead time to adjust ﬁsh harvest). The last of
these features reﬂects the fact that predictive models are built
to predict the outcome of different management responses
within a realistic set of conditions. In the case of Fraser River
sockeye salmon, in-season harvest adjustment models that
use water temperature as a predictor variable must rely
on forecasted temperatures (Hague and Patterson, 2014).
This is to allow time to adjust harvest that normally occurs
seaward (i.e. downstream and earlier) of the potentially
damaging high water temperatures that the ﬁsh would sub-
sequently experience in the river. In simple terms, through-
out the ﬁshing season the water temperature and discharge
are forecasted, an estimate of loss is predicted by the models
that use the forecasted environmental conditions, and
harvest can be adjusted according to the expected losses
(Hague and Patterson, 2007). These quantitative models
that use water temperature to forecast in-river mortality rely
on physiology as the primary rationale (Macdonald et al.,
2010). The models work by quantifying the historic relation-
ship between in-river loss and different metrics of water tem-
perature and discharge. The water temperature metrics that
are used reﬂect both mean temperature exposure and the
threshold responses to high temperatures. The former is justi-
ﬁed by physiological research on energy expenditures and
disease progression (e.g. Wagner et al., 2005; Rand et al.,
2006; Crossin et al., 2008), and the latter is supported by
research on aerobic scope and cardiac failure (e.g. Farrell
et al., 2008; Mathes et al., 2010; Eliason et al., 2011).
Today, ﬁsheries management is presented with an estimate
of loss, with sufﬁcient lead time to adjust harvest and pro-
actively change the probability associated with achieving
escapement goals (Macdonald et al., 2010), with the knowl-
edge that the scientiﬁc advice is supported by internationally
recognized physiological research.
Level 5: prescriptions
This ﬁfth level of scientiﬁc advice requires the development
of scientiﬁc prescriptions as part of an integrated manage-
ment approach. At Level 4, researchers have collated and
provided a synthesis of their results, including an appropriate
disclosure of uncertainty for any predictions they make.
Level 5 provides a prescription on how to use these predic-
tions as part of a structured management decision process.
This requires more communication with management and
affected parties to explain the methods, biological rationale
and uncertainty, as well as the strengths and limitations of
the science and analytical techniques. Our group has had suc-
cess in integrating scientiﬁc advice on environmental impacts
into ﬁsheries management decisions at this level through add-
itional model performance evaluations and continual com-
munication and engagement with managers and other
interested parties (see ‘Communication’ section below). To
get to this point, scientists and managers worked together to
create a management prescription to outline how scientiﬁc
advice on the impacts of water temperature and discharge on
sockeye salmon mortality (in the form of model predictions)
can be used in harvest planning. For Fraser River sockeye sal-
mon, this involved adjusting harvest plans pre-season, using
long-range forecasts of summer water temperatures and dis-
charges in in-river loss models (Patterson and Hague, 2007)
and, in-season, using forecasts of water temperature and dis-
charge in similar in-river loss models (Macdonald et al., 2010).
The biological rationale required to convince managers and
educate user groups to support the use of these models, the
harvest outcomes of which can have major ﬁnancial and
social consequences, is based in large part on physiological
research. The totality of research used to support the numer-
ical models includes >30 technical reports and >60 primary
publications, the majority of which include physiology to
seek mechanistic understandings of temperature- and
discharge-related mortality (reviewed by Hinch et al., 2012;
Johnson et al., 2012). Researchers were encouraged by man-
agers to share physiological research and numerical model-
ling results with representatives of recreational, commercial,
First Nations and conservation groups to facilitate accept-
ance of science-based prescription. All groups interested in
the process were made aware of the research, had an oppor-
tunity to comment on preliminary results, and provided
constructive feedback on new research ideas. When ﬁnal
decisions regarding harvest were being made, the research
behind those decisions was not a surprise to those people
who would be impacted by the harvest changes. Science is
but one source of advice that managers will use in making
choices (Rice, 2011); arguably, it should be the most trans-
parent and repeatable.
Part II: successes and challenges of
advancing physiology-based advice
There is a long history of researchers providing descriptive
physiological results to management to help explain the
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impact of factors other than water temperature and dis-
charge on the in-river mortality for Fraser River sockeye
salmon. Early work that pre-dates our group includes ﬁeld
studies and laboratory experiments that examined physio-
logical aspects of migratory difﬁculty and energy allocation
(Gilhousen, 1980), cumulative stress (Fagerlund et al., 1995),
disease progression (Colgrove and Wood, 1966) and sus-
pended sediments (Servizi and Martens, 1987). In this section,
we provide examples of our research group using physio-
logical research on pathogens, sex and capture stress to gain a
better understanding of in-river mortality in order to elucidate
the challenges and successes in converting this type of work
into advice for management.
Pathogens
The role of pathogens has long been associated with in-river
mortality of sockeye salmon (Williams, 1973; St Hilaire
et al., 2002; Jones et al., 2003; Miller et al., 2014). Early
histological examinations of sockeye salmon that died pre-
maturely in the river found a suite of different pathogens
that vary annually (Wood, 1965; Williams, 1973), making it
difﬁcult to link a speciﬁc pathogen to the cause of death.
Our more recent work on matching histopathology with
host physiological response has provided a better under-
standing of the mortality associated with some pathogens
(Wagner et al., 2005; Crossin et al., 2008; Bradford et al.,
2010). In addition, we have started to examine transcrip-
tional responses of sockeye salmon to different types of
potential pathogens. The results from these studies have
shown that genomic signatures associated with an immune
response have the potential to predict migratory failure
(Miller et al., 2009, 2011). The overall scientiﬁc advice from
this work has conﬁrmed the potentially important role that
pathogens and associated diseases can play in accounting for
in-river mortality, but the real utility for management has
stalled at this descriptive stage. We are not yet in a position
to recommend using pathogen loads, blood chemistry or
gene expression patterns to predict fate at the population
level for returning wild sockeye salmon given the high uncer-
tainty (i.e. low overall variance in survival explained) in the
results (Cooke et al., 2006; Miller et al., 2011). For example,
in the study by Hammill et al. (2012), individuals from one
of the three populations examined had a different suite of
gene expression proﬁles that could predict fate. In order to
potentially progress beyond Level 3 scientiﬁc advice, more
research is being conducted using novel genomic approaches
(e.g. Evans et al., 2011; Miller et al., 2014) to elucidate
stock-speciﬁc differences in disease susceptibility that might
arise from genetic and environmental inﬂuences, distance to
the spawning grounds and the probability of pathogen
exposure in order to reduce the high uncertainty associated
with episodic disease events. More thought is being given by
managers with respect to how these results could be used in
management, presuming the uncertainty can be reduced. At
this time, management acknowledges that there is a physio-
logical explanation for disease-related mortality, but the
utility of this scientiﬁc advice for predictive purposes will be
contingent on the success of planned future work.
Sex diﬀerences
We are closer to making useful predictions for management in
our next example, sex-speciﬁc mortality patterns. A common
observation in our years of research examining factors related
to in-river mortality is that female sockeye salmon suffer high-
er rates of mortality than males in response to stress (e.g.
Patterson et al., 2004; Gale et al., 2014). The evidence for a
sex bias is based on both laboratory holding studies and ﬁeld
telemetry studies for which we were able to document sex. In
many of the holding studies, the mortality of females was
twice that of males (Crossin et al., 2008; Gale et al., 2011;
Robinson et al., 2013). The differences detected in the ﬁeld
tagging studies were not as large, but the mortality spread did
become magniﬁed with elevated water temperatures (Martins
et al., 2012). Many of these studies also had supporting
physiological measures that provided some potential mechan-
istic link to the observed differences in survival. Based on a
combination of empirical data on sex-speciﬁc differences in
mortality rates and physiological support in describing this
mortality, we were conﬁdent in informing management that
adult female sockeye salmon die at a higher rate than males in
stressful conditions. As such, we unilaterally moved (i.e. with-
out management support) from Level 3 scientiﬁc advice to
work on population-level predictions consistent with our indi-
vidual descriptive research.
Unfortunately, the development of any predictive models
using sex-speciﬁc mortality has stalled at Level 4 because of
problems with both the science and management. From the
scientiﬁc perspective, the patterns of differential mortality
reported in our telemetric and holding studies were not
reﬂected in the standard Fisheries and Oceans Canada
(DFO; department responsible for managing Paciﬁc salmon
in Canada) annual stock assessment spawning ground enu-
meration studies, assuming a 50:50 ratio for salmon starting
the spawning migration; however, annual information on
variation in sex ratios of adults returning to the lower river
are limited (Foerster, 1968). The ratios of male to female
spawners do not appear to vary as a function of high migra-
tion temperatures as predicted by our research; the ratios
only seemed to vary as a function of extreme high discharge
years (Macdonald, 2000; D. Patterson, DFO, unpublished
data). Hence, scaling up from research using individuals to
the population-level responses did not occur. Moreover, for
management, there is no clear way to use the sex-based dif-
ferences without changing the management objectives. The
present goals for achieving spawner escapements for Fraser
River sockeye salmon are neutral to sex (i.e. no mention of
sex-speciﬁc goals in the Paciﬁc Salmon Treaty). We are now
left with simply providing suggestions to both our peers and
managers on how to proceed further with developing pre-
dictive models based on sex-based differences in survival.
Researchers need to look more closely at the sex-ratio
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information collected on the spawning grounds and in down-
stream ﬁsheries to determine the statistical power to detect
varying levels of differential survival (i.e. effect size) given
the current ﬁsheries assessment methods. This is likely to be
a common challenge in physiological research, because stock
assessment information may not be collected at a sufﬁcient
level of precision to match the ability to detect a predicted
response. More work is needed on the part of physiologists
to determine whether experimenter effects of holding or tag-
ging ﬁsh are confounding the survival estimates for females.
Managers could also re-examine changes to the spawner
goals that include female-speciﬁc targets. This example has
shown that not all research will be useful to management
immediately, and there is a risk in moving from Level 3 to
Level 4 scientiﬁc advice if it is not done with close collabor-
ation of science and management (Fig. 2).
Fisheries interactions
Our next example uses capture-and-release mortality research
to show a more direct connection between the researchers
and managers in moving advice from Level 3 to our current
attempts to provide Level 5 scientiﬁc advice. During the
past 10 years, we have focused a large portion of our efforts
on understanding the fate of Paciﬁc salmon released after
capture, using physiology to elucidate the mechanisms
behind lethal and sub-lethal responses (Raby et al., 2012,
2015a, b). Major ﬁndings from this work include the fol-
lowing: the functional basis for the differences in mortality
associated with different gear types (Donaldson et al.,
2011, 2012, 2013); the role of injury in causing physio-
logical stress and mortality (Nguyen et al., 2014); the mixed
beneﬁts of using recovery methods (Donaldson et al., 2013;
Robinson et al., 2013; Raby et al., 2015c); the among-
population variation in mortality responses (Donaldson
et al., 2012; Robinson et al., 2015); the negative impact of
high temperature associated with capture and handling
(Robinson et al., 2013; Gale et al., 2014); and the changes
in stress responsiveness with maturation stage (Gale et al.,
2011; Raby et al., 2013). All of this work is directly connected
to the management problem of trying to describe mortality for
post-season accounting of ﬁshing impacts or to predict mortal-
ity for harvest planning purposes. The generic Level 3 scientiﬁc
advice provided to management is that capture-and-release
mortality can be understood better through physiology, but it
is highly context dependent (Raby et al., 2015a), making it
challenging to predict.
Predictions of capture-and-release mortality associated
with different ﬁshing gear and at different temperatures have
been generated based on ﬁeld telemetry and holding studies
that couple survival and physiology. For example, this work
has shown that long-term mortality rates for beach-seined
and angled sockeye salmon range from 20 to 30% during
average summer water temperatures of 18°C (Donaldson
et al., 2011, 2013). However, mortality will rise rapidly as
capture and handling temperatures increase above 19°C, and
if they persist above 21°C, there is almost 100% mortality
within 4 days (Gale et al., 2011; Robinson et al., 2013). This
advice has been presented to managers for potential use in
harvest planning. As with research on thermal impacts on
in-river mortality, there is a clear avenue where scientiﬁc
advice on post-release mortality can be used by management.
Each sockeye salmon ﬁshery on the Fraser River has a post-
release mortality rate value based on gear type and location
(Fisheries and Oceans Canada, 2013). Therefore, manage-
ment could update their post-release mortality estimates
using scientiﬁc advice for the different sockeye salmon ﬁsher-
ies, warranting the transition from Level 4 to Level 5 scien-
tiﬁc advice.
The time line for managers and researchers to develop a
management prescription and start applying new scientiﬁc
advice at Level 5 will vary. The new research behind the
post-release mortality rates for sockeye salmon (reviewed by
Raby et al., 2015a) has not yet become a part of the manage-
ment prescription. In this example, the reasons for delay are
related to institutional caution and research uncertainty.
Institutional resistance to change is common; managers can
be cautious when faced with new information and may
invoke processes to obtain feedback beyond science before
proceeding (Young et al., 2013). Furthermore, there is still
large uncertainty in the estimates we have derived, and the
new mortality rates are, in some cases, considerably higher
than those currently used. The higher rates are due, in large
part, to the fact that our values are calculated using a longer
period for monitoring mortality. The current rates used by
management are typically based on 24 h post-release moni-
toring periods, compared with our estimates that are based
on at least 96 h of post-release monitoring. This longer mon-
itoring duration was part of a recent request by ﬁsheries
managers to include delayed mortality associated with ﬁsh-
ing interactions. The current plan for incorporating new
information as ofﬁcial scientiﬁc advice will require further
meetings with various stakeholders and First Nations.
As part of this plan for advancing the research on catch-
and-release mortality, there is a formal request from the ﬁsh-
eries management sector to the science sector of DFO to
develop scientiﬁc advice on updating post-release mortality
rates using relatively new research. In Canada, we have a
formal mechanism under the Canadian Science Advisory
Secretariat that allows ﬁsheries management to request formal
scientiﬁc advice from their own agency. Our research team
has been commissioned by the Canadian Science Advisory
Secretariat to write the research document that will be the
basis for this advice. The document will involve an in-depth
look at the mechanistic (i.e. physiological) basis for how
different factors impact ﬁshing-related mortality, as well as
a review of the mortality rates themselves. In other words,
the ofﬁcial scientiﬁc advice will be based in large part on
the ability of physiologists to explain why certain factors,
such as injury, air exposure, handling time, capture time
and revival methods, are important in generating estimates
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of ﬁshing-related mortality (reviewed by Raby et al.,
2015a). This information will be shared with all groups
with a vested interest in the salmon ﬁshery. Changes to mor-
tality rates will not be made until all groups have had an
opportunity to comment and process the new information;
underscoring the central role that communication plays in
any plan that provides scientiﬁc advice to management.
Communication
Scientiﬁc advice is not being given in a vacuum; meaning
that this information will disseminate beyond the initial man-
agement audience, and therefore, it is important to be cogni-
sant of the interpretation and use of this information by
different groups. A communication plan is likely to be essen-
tial for success at the ﬁfth level, but ideally it should be
initiated the ﬁrst time that managers and researches begin to
exchange information and be the responsibility of both man-
agers and researchers. The ﬁrst priority for communicating
research results is to satisfy management requirements, but
researchers cannot be naïve to how other groups, such as the
media, environmental groups, scientiﬁc community and ﬁsh-
ing groups, can accidently misinterpret or deliberately spin
the results. Misrepresentations can potentially derail the abil-
ity of managers to use physiological research, as exempliﬁed
earlier with the focus on upper lethal thermal limits (Servizi
and Jensen, 1977), because they typically rely on information
and feedback from these same outside groups to help make
decisions (e.g. Cohen, 2012). It is worth repeating that scien-
tiﬁc advice is only one source of information that managers
rely on to make decisions (Rice, 2011). It is the responsibility
of researchers to communicate clearly both the strengths and
the limitations of the research to managers and a broader
audience. In practical terms, this means a full disclosure of
the uncertainty in the results, as well as clearly stating how
the research does and/or does not relate to management or
any other issue a stakeholder may decide to link it to (Regan
et al., 2002; Harwood and Stokes, 2003). Managers, in turn,
need to review the work critically, anticipate future criticisms
and prepare researchers for stakeholder responses to their
work. Unfortunately, the primary media used by researchers
for communicating science (peer-reviewed journal articles)
are likely to be one of the least effective or desirable methods
for communicating this information to either management or
other interested groups (Nguyen et al., 2012). Increasing the
impact and relevance of physiological research will require
not only good science but also effective communication with
management and other interested parties.
Synopsis
The reasons for the success of our work include political
motivation, funding, accountability, legal clarity, institu-
tional environment, personal relationships and peer accept-
ance. For example, ﬁsheries management recognized the
potential problem of temperature-based in-river loss after a
series of high-proﬁle reviews in the early 1990s (Larkin, 1992;
Fraser, 1995) and again in the early 2000s (Canadian Standing
Committee on Fisheries and Oceans, 2005; Williams, 2005).
Each of these government-commissioned reviews led to an
increase in funding for sockeye salmon research on pro-
blems related to in-river mortality. Our research group
beneﬁted from the direct connection between a management
problem and funding of physiologically based solutions.
This funding included opportunities for traditional national
science funds (e.g. Natural Sciences and Engineering Research
Council of Canada; NSERC), strategic national science funds
(e.g. NSERC-Strategic and NSERC-Network), internal gov-
ernment science agency funds, and competitive applied
research funds from the Canada–US Paciﬁc Salmon Treaty.
Researchers were then held accountable to report both to
their academic peers, through publications in scientiﬁc jour-
nals, and to the funding agencies via management. This
dual accountability produced quality science that was also
applied in nature. The legal framework of the Paciﬁc Salmon
Treaty also provided clarity of objectives and clear mechan-
isms to incorporate mitigation measures based on environ-
mental impacts. Likewise, the post-release mortality rates in
the ofﬁcial ﬁshery planning documents of DFO (Fisheries
and Oceans Canada, 2013) provide a clear outlet for using
research results from the ﬁsheries interaction work. The
institutional environments of both groups also helped. The
Canadian Science Advisory Secretariat process provides a
direct link between scientiﬁc research, scientiﬁc advice and
ﬁsheries management. Management agencies also invite
researchers to speak at annual meetings and organize strategic
workshops on critical management issues. Our research group
is also proactive and continues to hold annual workshops
with managers, ﬁshing sector representatives, First Nations
and conservation groups (e.g. Hinch and Gardner, 2009) to
encourage feedback. The beneﬁts of these interactions are
twofold. First, the people most affected by decisions that use
our scientiﬁc advice were familiar with the research prior to it
being used by management. Second, it fostered improved per-
sonal relationships among all groups, which improved overall
trust, a key element in knowledge transfer (Young et al.,
2013). The role that individual relationships can have to
ensure success cannot be underestimated; this includes access
to experts with the diverse skills required to tackle complex
science questions. We were fortunate to know and be able to
work with managers, ecologists, numeric modellers and
physiologists. This collaboration has produced physiology
publications that have been recognized by researchers inter-
nationally as major scientiﬁc contributions in the ﬁeld of
applied genomics (e.g. Miller et al., 2011) and oxygen limita-
tion theory (Eliason et al., 2011). The scientiﬁc peer accept-
ance along with the institutional and situational conditions
has been helpful in gaining support from management.
The major challenges to providing scientiﬁc advice
beyond Level 3, the simple descriptions of nature, are rooted
in the different demands of science and management.
Scientists are rewarded based in large part on developing
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novel scientiﬁc explanations for how the world works (Knorr
Cetina, 1999; Provencal, 2011). Therefore, the interest of the
researcher peaks at Level 3, where they can maximize the
number of novel publications of different factors that inﬂu-
ence survival in ﬁsh. Many researchers feel that simply by pro-
viding a scientiﬁc explanation for a speciﬁc management
problem, they have completed their obligation to show the
applied nature of their work (Blackman and Benson, 2012).
They are often unaware of the extra work required to make
conﬁdent predictions regarding future outcomes tailored to
objectives of a speciﬁc ﬁshery; this work requires more
research and collaboration to reduce and quantify uncertainty
to a level that managers or other knowledge practitioners
want (Mergel et al., 2008). There is rarely any career advan-
tage or reward for taking this path (Young et al., 2013).
Conversely, managers must make decisions in a timely man-
ner, and they are not speciﬁcally rewarded for knowing why a
particular outcome has occurred, only that it is working.
Therefore, the interest of managers peaks at Level 5, when
there is a clear plan to use the information to aid in manage-
ment. There is often no obligation, no accountability or no
reward for managers that actively seek scientiﬁc advice at
Level 3 and help to develop this research into Level 5 scientiﬁc
advice. For the process to be effective, the researcher needs to
put the management problem in the matrix of what is already
known and unknown before consuming more time and
money. For example, a synthesis of the existing knowledge
base can be made to determine the level of uncertainty in man-
agement outcomes that will be reduced under different
research projects. It is important to recognize that all of the
advice provided, even at Level 1, is building a connection and
trust among managers and researchers. Therefore, if a
researcher is asked by management to provide scientiﬁc
advice, it is important to do so expeditiously, along with a
healthy dose of uncertainty (see Regan et al., 2002), before
asking for funds and deferring an answer until they have the
perfect descriptive or predictive model. Managers often need
to act before scientiﬁc consensus is achieved (Ludwig et al.,
1993). Likewise, researchers walking away from the problem
after they have published a few descriptive papers on a subject
will not go far in getting their science to be effective in man-
agement, given the large gap between Level 3 and Level 5.
Managers and researchers alike could also beneﬁt from seeing
examples of where the long-term beneﬁt of scientiﬁc advice at
different levels has led to better management. There is lack of
retrospective evaluations of the efﬁcacy of scientiﬁc advice to
improve management performance in ﬁsheries.
The temperature- and discharge-based mortality models
are an exception in that we have performed retrospective
evaluations of model performance at the behest of manage-
ment (Cummings et al., 2011). We have also learnt from the
development of the harvest adjustment models that most
of these efforts will cost hundreds of thousands of dollars,
take years of sustained effort to complete, use a team of
researchers willing to meet with managers and stakeholders,
require continuous model development and reﬁnement and
require extensive communications in the form of primary
publications, technical reports, brieﬁng notes, management
meetings and presentations for public engagement, before
management will have an updated prescription process to use
new information supported by the physiological research.
This is not meant as criticism of either side, but simply the
reality of getting your speciﬁc prescription to market. Science
will always be only a part of the decision-making process,
but how big a part—the level of advice it can achieve—will
depend on people, managers and researchers alike, who can
help to promote the use of conservation physiology.
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